Al 2 O 3 is a potential dielectric material for metal-oxide-semiconductor (MOS) devices. Al 2 O 3 films deposited on semiconductors usually exhibit amorphous due to lattice mismatch. Compared to two-dimensional graphene, MoS 2 is a typical semiconductor, therefore, it has more extensive application. The amorphousAl 2 O 3 /MoS 2 (a-Al 2 O 3 /MoS 2 ) interface has attracted people's attention because of its unique properties. In this paper, the interface behaviors of a-Al 2 O 3 /MoS 2 under non-strain and biaxial strain are investigated by first principles calculations based on density functional theory (DFT). First of all, the generation process of a-Al 2 O 3 sample is described, which is calculated by molecular dynamics and geometric optimization. Then, we introduce the band alignment method, and calculate band offset of a-Al 2 O 3 /MoS 2 interface. It is found that the valence band offset (VBO) and conduction band offset (CBO) change with the number of MoS 2 layers. The dependence of leakage current on the band offset is also illustrated. At last, the band structure of monolayer MoS 2 under biaxial strain is discussed. The biaxial strain is set in the range from -6% to 6% with the interval of 2%. Impact of the biaxial strain on the band alignment is investigated.
I. INTRODUCTION
Since integrated circuit was born in 1958, the microelectronic technology has made rapid development. Moore's law predicts that the number of metal-oxidesemiconductor-field-effect-transistors (MOSFETs) on a chip doubles every 18 months.
1 For a long time, the gate oxide of integrated circuit has been using silicon dioxide. In order to further reduce the feature size of integrated circuits, we must abandon silicon dioxide, and select the materials with higher relative dielectric constant (high-κ).
2,3 If high-κ materials are used to replace conventional silicon dioxide as the gate dielectric material, the physical thickness of the gate dielectric layer can be increased, so that the gate leakage current can be greatly suppressed. In order to develop field effect transistors with lower power consumption and higher efficiency, people have done a lot of research on high-κ materials, including Ta 23 and Zr silicate. 24 Al 2 O 3 among them has become a promising candidates due to its larger band gap (5∼9 eV) and moderate dielectric constant (8∼10).
Al 2 O 3 thin films deposited on semiconductor substrates usually display amorphous due to lattice mismatch between Al 2 O 3 and semiconductors. [25] [26] [27] [28] [29] [30] Amorphous-Al 2 O 3 (a-Al 2 O 3 ) has a complex structure, and knowledge of its microstructure plays an important role in the analysis of the oxidation and passivation details of aluminum. A-Al 2 O 3 /semiconductor a) Electronic mail: slb0813@126.com; shilibin@bhu.edu interface is expected to be superior to crystallineAl 2 O 3 /semiconductor interface due to lower interface defect density. At present, a large number of theoretical and experimental studies have been done on crystalline Al 2 O 3 , 12-17 which mainly include the crystal structure, defect formation and electronic structure. There is not much research on a-Al 2 O 3 as a dielectric due to the complex microscopic structure. In particular, there is less theoretical research on the formation mechanism of aAl 2 O 3 .
Since the discovery of graphene in 2004, twodimensional materials have attracted people's attention. [31] [32] [33] Low dimensional materials are interesting not only because they can provide access to novel physical phenomena, but also because their unique electrical, optical and mechanical properties make them the focus of attention. [34] [35] [36] [37] [38] Amorphous-Al 2 O 3 is generated by melting and quenching technique. Molecular dynamics with NVT ensemble and geometric optimization based on density functional theory (DFT) are performed in the calculation. Generalized gradient approximation (GGA) of Perdew, Burke, and Ernzerhof (PBE) is choose as exchange correlation functional during molecular dynamics simulation. 43 All calculations are carried out in CASTEP code based on the total-energy pseudopotential method.
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Figure 1 describes the specific generation process of a-Al 2 O 3 sample. It is prepared by starting with a monoclinic crystal corresponding to θ-Al 2 O 3 at the density of 3.61 g/cm 3 , which is presented in Fig. 1 (a) . Its lattice constants are a=11.80Å, b=2.91Å, and c=5.62Å. In order to perform molecular dynamics simulations, we cut θ-Al 2 O 3 along (100) direction, and construct a orthogonal Al 2 O 3 supercell by 3 × 2 × 1 extension. The supercell consists of 72 O and 48 Al atoms with lattice constants of a=8.73Å, b=11.24Å, and c=11.50Å, which is shown in Fig. 1(b) . High temperature annealing at low density provides very good oxide mixing and completely removes the original ordered geometry. The low density sample is formed by rescaling the supercell box size along every direction. In order to ensure the full mixing between the oxides, we construct the low density Al 2 O 3 sample with value of 0.62 g/cm 3 by expanding the supercell box size 1.8 times. Fig. 1 (c) presents the sample prepared by annealing at 5000 K for 1 ps with time step of 1 fs. In order to obtain experimental results, we must gradually increase the sample density. We first increase the sample density to 1.32 g/cm 3 by rescaling the supercell box size from 1.8 times to 1.4 times, subsequent sample is annealed at 5000 K for 0.5 ps with time step of 1 fs. Fig.  1 (d) shows the sample after annealing at 5000 K. Then, the sample density is increased to 2.37 g/cm 3 by rescaling the supercell box size from 1.4 times to 1.15 times. Fig. 1 (e) shows the sample annealed at 5000 K for 0.5 ps with time step of 1 fs. Finally, we increase the sample density to 3.4 g/cm 3 by rescaling the supercell box size, which is in agreement with experimental values of 3.05 g/cm 3 ∼ 3.40 g/cm 3 for a-Al 2 O 3 sample 45, 46 . The sample is annealed at 5000 K for 0.5 ps with time step of 1 fs, and quickly cooled up to 10 K. Fig. 1 (f) presents the cooled sample. In order to eliminate the internal stress, we do geometric optimization on samples, which is shown in Fig. 1 (g) .
The electronic structure analysis for the annealed and , (e) after annealing at 5000 K with low density of 2.37 g/cm 3 , (f) after annealing at 5000 K with low density of 3.40 g/cm 3 , (g) after geometric optimization.
B. Band alignment methods
One of the most important features on oxide/semiconductor interfaces is band offset, i.e., the relative energy level positions on both sides of the interface. The valence band offset (VBO) can be defined as the difference between positions of valence band maximum (VBM), which can be obtained by calculating the band structure and average electrostatic potential (AEP). In the potential line up method, the VBO is usually split into two terms.
63,64
The first contribution of ∆E v corresponds to alignment of VBM for bulk band structure term of oxide and semiconductor. The second term of ∆V s corresponds to the macroscopic AEP alignment, which can be determined by two methods. One method is to determine the macroscopic AEP by constructing the oxide/semiconductor interface. The other is to determine the macroscopic AEP by constructing oxide and semiconductor surfaces. SrTiO 3 /TiO 2 interface has been extensively investigated because the in-plane lattice mismatch between SrTiO 3 and TiO 2 along (001) direction is less than 3%. In order to verify the validity of two methods, we calculate the VBO by constructing SrTiO 3 and TiO 2 surfaces as well as SrTiO 3 /TiO 2 interface. It is found that the surface and interface calculations can give similar results, which is also found in previous investigation of Al 2 O 3 /III-V interface 65 . The VBO calculated by constructing material surface is similar to that calculated by calculating the work function of the material, which has been widely used to study the band offset.
38,66
In this paper, we align the macroscopic AEP by constructing a-Al 2 O 3 and MoS 2 surfaces instead of a-
There is a large difference in the atomic arrangement of a-Al 2 O 3 and MoS 2 . The atoms near interface can only reach equilibrium state through larger migration. The atomic migration causes the AEP distortion, which lead to a inaccurate alignment of macroscopic AEP. However, this problem can be avoided by a-Al 2 O 3 and MoS 2 surfaces. (b) The interface structure will produce a larger cell, which takes more time to calculate. Especially for the nonlocal HSE calculation, the cell size will have a great influence on the calculation time.
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III. RESULTS AND DISCUSSION
A. Band alignment of a-Al 2 O 3 /MoS 2 interface
In order to elucidate band gap shift, we calculate the band structures for bulk and different thickness layers of MoS 2 by GGA-PBE and HSE functionals as shown in Fig. 2 . The band structures suggest that bulk MoS 2 is a semiconductor with indirect band gap, the VBM at G-point, and the conduction band minimum (CBM) between K-point and G-point. This calculation is consistent with previous investigation. 39 Calculated band gap is 0.98 eV for GGA-PBE and 1.46 eV for HSE. It is found that HSE band gap is close to experimental value of 1.30 eV.
57 For 4-layer MoS 2 , the band gap is increased to 1.06 eV for GGA-PBE and 1.54 eV for HSE. We are surprised to find that the CBM shifts to K-point as MoS 2 changes from bulk structure to 4-layer MoS 2 . However, the positions of VBM can not be found to change significantly. It is noted that the band gap increases with the decrease of the number of MoS 2 layers. The GGA-PBE and HSE band gaps are increase to 1.09 eV and 1.58 eV for 3-layer MoS 2 , and 1.19 eV and 1.69 eV for 2-layer MoS 2 . Interestingly, the position of VBM shifts from G-point to K-point as MoS 2 changes from 2-layer MoS 2 to 1-layer MoS 2 (monolayer MoS 2 ). Therefore, it changes from indirect gap semiconductor to direct band gap semiconductor. The GGA-PBE and HSE band gaps are increase to 1.63 eV and 2.11 eV for 1-layer MoS 2 . The experimental value of band gap for monolayer MoS 2 is 1.90 eV.
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Comparing to the experimental values, it is found that the band gap is underestimated by GGA-PBE while it is slightly overestimated by HSE. Figure 3 shows a-Al 2 O 3 and MoS 2 surfaces as well as planar and macroscopic AEP. In order to align the AEP, the vacuum level is scaled to zero. Macroscopic AEP is the averaged value of planar AEP, which is represented by a red point connection in Fig. 03 . For MoS 2 surface, the planar AEP in the atomic region exhibits a periodic oscillation, while it remains constant in the vacuum region. 67 It is found that the shape of planar AEP do not change as the number of the MoS 2 layers changes from 1 to 6. For aAl 2 O 3 surface, the planar AEP in the atomic region has no obvious periodicity. The value of macroscopic AEP for MoS 2 surface is -13.06 eV while its values is -18.31 eV for a-Al 2 O 3 . Figure 4 shows band alignment between a-Al 2 O 3 and MoS 2 . In the following, we discuss the VBO and CBO at a-Al 2 O 3 /MoS 2 interface in Fig. 04 Fig.  04 . The VBM position of monolayer MoS 2 is -5.94 eV for GGA-PBE, and -6.15 eV for HSE, which is close to previous results of -5.87 eV and -6.27 eV. 38 It is noted that VBM position moves upward as the number of MoS 2 layers is increased. 69 The MoS 2 surface layer changes from the majority carrier depletion to the minority carrier inversion with the increase of the voltage. In this case, the hole tunneling barrier of φ HV B is determined by VBO. Leakage current is expressed as J HV B . The energy band near MoS 2 will bend down as the positive voltage is applied to devices. The MoS 2 surface layer is in majority carrier accumulation region with the increase of the positive voltage. In this case, the electron tunneling barrier of φ ECB is determined by CBO. The leakage current is written as J ECB . Similar analysis is also suitable for metal/a-Al 2 O 3 /p-type MoS 2 MOS. In our model, the carrier tunneling current is closely related to the VBO and CBO. The band offset is sensitive to thickness of MoS 2 , which affects the leakage current of the device to a certain extent. At present, it is generally believed that VBO or CBO in ideal MOS device should be greater than 1 eV. 6, [70] [71] [72] [73] [74] It is noted that the VBO or CBO calculated by HSE for different MoS 2 thickness is greater than 1 eV. Therefore, we believe that metal/a-Al 2 O 3 /MoS 2 MOS can be an ideal device. 
B. Impact of biaxial strain on the band alignment
The biaxial strain of monolayer MoS 2 is defined as ε = c−c0 c0 × 100%, 75 where c and c 0 are lattice constants of strained and non strained MoS 2 . ε > 0 and ε < 0 corresponds to the tensile and compressive strain, respectively. Strain engineering may improve physical performances of semiconductors, in particular, their transport properties. [76] [77] [78] [79] [80] [81] [82] This inspires us to study the effect of biaxial strain on monolayer MoS 2 . The lattice strain is set in the range from -6% to 6% with the interval of 2%. Figure 6 presents the band structures for monolayer MoS 2 under biaxial strain. The monolayer MoS 2 is change to be a indirect band gap semiconductor under biaxial compressive strain, the VBM at K-point, and the CBM between K-point and G-point. The band gaps of GGA and HSE are increased to 1.83 eV and 2.38 eV for -2%, 1.69 eV and 2.26 eV for -4%, and 1.55 eV and 2.12 eV for -6%. The band gap first achieves the maximum value at ε=-2%, and then gradually decreases with biaxial compressive strain. Similar results are also found on GaAs. 83 The band structures of HSE are similar in shape with GGA-PBE, and the band gap values are increased by HSE functional. Interestingly, under biaxial tensile strain, the position of VBM shifts to G-point, and the CBM to K-point. The band gaps are decreased to 1.19 eV and 1.65 eV for 2%, 0.78 eV and 1.20 eV for 4%, 0.44 eV and 0.80 eV for 6%. It is noted that band gaps for monolayer MoS 2 will decrease with biaxial tensile strain, which is in agreement with previous investigation. are 1.00 and 1.12 eV for ε=-6%, 0.58 and 1.38 eV for ε=-4%, 0.50 and 1.33 eV for ε=-2%, 0.42 and 2.05 eV for ε=2%, 0.36 and 2.52 eV for ε=4%, 0.28 and 2.95 eV for ε=6%. For HSE calculations, the VBO and CBO are increased to 1.81 and 1.33 eV for ε=-6%, 1.46 and 1.55 eV for ε=-4%, 1.40 and 1.49 eV for ε=-2%, 1.34 and 2.29 eV for ε=2%, 1.27 and 2.80 eV for ε=4%, 1.19 and 3.28 eV for ε=6%. It is found from the results that the appropriate biaxial tensile strain in monolayer MoS 2 can increase the CBO, while the change of VBO is smaller, which effectively suppresses leakage current of the devices. Previously, Tabatabaei et al. 85 have found that performance of MoS 2 field effect transistor can be improved significantly by biaxial strain, which is consistent with the our investigation.
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IV. CONCLUSIONS
The generation process of amorphous-Al 2 O 3 sample is described by molecular dynamics and geometric optimization. The averaged bond lengths of O-O, Al-O and Al-Al for our amorphous-Al 2 O 3 sample are agreement with previous simulations and experiments. The results show that our sample is close to the actual situation.
The band alignment of oxide and semiconductor can be obtained by building both surface and interface methods. We have verified the results by building SrTiO 3 /TiO 2 interface. It is found that the surface and interface calculations can give similar results.
In order to avoid the waste of calculation time and is sensitive to its thickness. The effect of VBO and CBO on the leakage current is also analyzed. The VBO and CBO based on HSE calculation are increased to 1.81 and 1.33 eV for ε=-6%, 1.46 and 1.55 eV for ε=-4%, 1.40 and 1.49 eV for ε=-2%, 1.34 and 2.29 eV for ε=2%, 1.27 and 2.80 eV for ε=4%, 1.19 and 3.28 eV for ε=6%. The positions of VBM and CBM for monolayer MoS 2 move downward as the strain changes from ε=-6% to ε=6%. It is noted that the VBO and CBO are larger than 1 eV, indicating that metal/amorphousAl 2 O 3 /MoS 2 is an ideal MOS device. 
